The role of multi-pulse feedback in self-organized nanostructure (ripples) formation on silicon surface upon femtosecond laser ablation is investigated. For irradiation at constant intensity and pulse repetition rate, the previously postulated feedback effect of accumulated dose with increasing number of pulses is confirmed and investigated in detail: both the modified surface area as well as the complexity and feature size of generated nanostructures increase with accumulated dose. More interestingly, at constant total incident dose (number of pulses times pulse energy) accumulation and feedback depend strongly on temporal pulse separation. The feedback becomes increasingly weaker with increasing time intervals between successive pulses, involving times up to one second and more before individual pulses act independently. In a first attempt to model this longlived coupling, we find that conduction band electrons, produced by the preceding laser pulse, can provide, indeed, such feedback by facilitating coupling of subsequent pulses for substantial delays. However, the achieved time span of about a millisecond is still significantly shorter than observed experimentally.
Introduction
Nanostructuring of silicon surface upon ultrashort pulse laser ablation has been extensively studied in recent years [1] [2] [3] [4] [5] [6] . It is widely accepted, meanwhile, that such structure formation is the result of a (nonlinear) self-organization from a strong material instability, induced by ultrafast irradiation and ablation. A general feature of such nonlinear dynamics is a boost from some positive feedback upon continuously driving the instability resulting in increasing nonlinearity of the effect [7] : while first regular, periodic structures are formed, the feedback results, typically, in nonlinear coarsening and increasing complexity of the structures.
A peculiar feature of ultrashort-pulse induced structure formation is that, in contrast to "classical" nonlinear dynamics, the instability is not fed continuously but by individual, well separated energy pulses. This makes the concept of a positive feedback slightly more complicated since the system might evolve freely between repetitive perturbations. Nevertheless, several indications for such feedback have been observed in recent experiments: generally, feature size and complexity vary across the irradiated area, from fine and regular at the edge to coarse and complex in the center [6, [8] [9] [10] . Relating this to the typical spatial beam profile, this implies that the feedback should be the stronger the higher the local intensity is. Other observations indicate that the structures develop with increasing number of incident pulses [11, 12] .
In the present contribution we report on systematic studies intended to gain a better understanding of the role of positive feedback in nanostructure formation on Si(100) upon ultrafast laser ablation. In a first series of experiments, we investigated the role of total accumulated irradiation dose on ripples structure and on the size of modified area. For this purpose, we kept fluence and repetition rate of the laser pulses fixed and varied the number of incident pulses. In a second series of experiments, we kept the total incident dose (fluence x number of pulses) constant and varied the time interval between successive pulses. Here, we want to study the "perturbation lifetime" for which the effect of the preceding pulse is still sensible for the subsequent one, thus enabling some "collective" action which should be the origin of positive feedback. Finally, we try to model some possible origins of the "perturbation lifetime".
Experimental
In our experiments, we irradiated conventionally cleaned silicon (100) wafers in ultra-high vacuum (10 -9 mbar) by ultrashort laser pulses from an amplified Ti:Sapphire laser ( pulse  100 fs; λ=800 nm; repetition rate: 1 kHz). The pulses of around 30 µJ at normal incidence were focussed to a few 100 µm diameter, resulting in an intensity near the ablation threshold for silicon (I th = 2 10 12 W/cm 2 [13, 14] . The intensity and the final polarization of the beam could be varied passively by polarization optics, the effective pulse cadence could be set passively by an electro-mechanical shutter.
After irradiation, the ablated/modified areas were investigated by scanning electron microscopy (SEM). Ripples features and spot size were evaluated by hand from he micrographs, with an error of about  10 %.
Results and discussion
1. Effect of multi-pulse irradiation. It is well known, that ripples are completely developed on the irradiated surface only after a sufficient number of pulses 9-12, 14,15. After an irradiation of the surface by 50,000 pulses at an intensity of 2.6·10 12 W/cm 2 (pulse energy 30 µJ) we have found in the ablation area (d ~ 200 µm) ( Fig. 1a ) not only typical ripples structures normal to the laser polarization close to the edge of the irradiated area ( Fig. 1c ), but also a modulation at the central crater walls which is also embossed by the polarization: In Fig. 1b one can see the center of the crater covered with linear fine in-depth structures oriented at right angle to the incidence laser field polarization. The outer region is also structured with a very fine zigzag pattern ( Fig.1d ). To check the positive feedback, we recorded ablation spots for different numbers of applied pulses. Indeed, the central patterns become bigger and more complicated with increasing number of incident pulses (Fig. 2 ). Already after 3,000 pulses of linear polarization the homogeneous, rhombic pattern has developed in the middle of the ablated spot ( Fig. 2a ). For circular polarization with the same irradiation dose the central pattern is of radial symmetry (Fig. 2b) . The correlation between laser polarization and a form/orientation of patterns is getting stronger with increasing number of pulses. After 5,000 pulses an influence of laser polarization is getting more imprinted in the patterns (Fig. 2c,d ). By irradiation with 10,000 pulses we see, for linear polarization, a long central cleft ( Fig. 2e ) oriented in the direction of laser polarization, and crater walls are covered by the in-depth structures. In the case of circular-polarization, the crater form appears like a funnel with radial symmetry (Fig. 2f ). Generally, with increasing pulse number the fine features coalesce to coarser ones, the patterns in the region begin to collapse. For a more quantitative analysis we systematically varied the number of incident pulses at constant intensity (2.6·10 12 W/cm 2 ) and constant repetition rate and measured both the modified area and, in the central spot region, the ripples density, defined as the number of elementary segments of patterns per unit area. The result, obtained from averaging the results of several series of identical experiments, is presented in Fig. 3 . In fact, we find the expected feedback effect: similar to the intensity dependence across the spot cross section (cf. Fig. 1 ) we find a regular increase of modified area and of ripples feature size (inversely proportional to ripples density) with increasing accumulated dose. In a first approximation, we can fit the data by an exponential dependence on the number of pulses N: The pulse number is a measure of accumulated dose E acc = NE pulse where  is the coupling constant and E pulse the pulse energy. By comparison with Fig. 1 , it appears reasonable to assume that the incident pulses do not act individually and independently, but add to the effect of the previous pulses. Following our previously developed ideas of structure formation dynamics [16] , indicating that the incident laser pulse and the subsequent desorption of particles create a state of non-equilibrium, the subsequent pulses hit the residues of this "soft" state and thus act, in a way, collectively.
To check this supposition, we investigated the influence of the time elapsed between successive pulses. In respective experiments, we changed the pulse repetition rate, keeping the total incident dose NE pulse fixed.
Effect of pulse separation.
When changing the pulse repetition rate from 1 kHz to 1 Hz, i.e. the pulse separation time from 1 ms to 1000ms, the observed patterns change in a way suggesting that at longer separation the accumulated dose is less than at short separation ( Fig. 4) : The ripples density is higher at 1000 ms, the complexity is more developed at 1 ms. Again, we studied this effect in a more quantitative and detailed series of experiments, revealing that, indeed, the increase of pulse separation appears to lower the effective dose. For both ripples density and modified area, the feedback is reduced but still present, even at times as long as 1 second (1) as is shown in Fig. 5 . 
Numerical calculations.
A possible candidate for such perturbation may be the generation of free carriers by the "first" laser pulse which may live long enough to be still present when the next pulse arrives. Thus, the could enhance the coupling of the second pulse, resulting in a step-by-step increase of the perturbation. 
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To reduce the complexity, an effective nonlinear absorption coefficient  was introduced, estimating an incident Gaussian pulse and neglecting diffusion and recombination during the absorption step. This is justified by the short duration of the laser pulses. Fig. 6 depicts the resulting evolution of optical absorption length (left) and the nonlinear absorption parameter (right). The actual calculations are based on a finite elements approach in 1D, applying the values of lattice temperature, carrier density and energy at a certain point in time (the pulse-to-pulse delay) as initial conditions for a possible next run. This procedure was repeated several times simulating multi-pulse irradiation. The resulting evolution of surface temperature is shown in Fig. 7 : Well after the laser pulse (centered at 500 fs) the surface appears to be molten for up to several nanoseconds. Thereafter, the surface cools down because of thermal energy redistribution by diffusion and boundary losses. When applying additional laser pulses, however, the temperature in the cool-down phase is increased (dashed trace in Fig. 7a ). The dependence of the temperature raise on the pulse number appears to be exponential, approaching a maximum for high pulse numbers (Fig. 7b ). These maxima are displayed in Fig. 7c for different pulse to pulse delays and fluences. They decrease with pulse separation by a power law with an exponent of about 1.5, suggesting thermal diffusion.
The carrier density exhibits a similar behavior like the temperature: After the laser pulse it decreases due to diffusion, followed by a sharp drop due to recombination (Fig. 8a) . While a certain feedback is also detectable here (dashed trace in Fig. 8a) , the feedback time appears to be lower compared to that for the temperature since there is a abrupt decrease in the concentration difference when increasing the delay above 1 ms (Fig. 8b) . 
Conclusion
We showed that there is indeed a significant pulse-to-pulse feedback effect in self-organized structure formation upon femtosecond laser ablation. The main source of that feedback is the cooperative accumulation of incident radiation dose in the perturbed target volume. Experiments on the influence of pulse-to-pulse separation time indicate an unexpectedly long perturbation lifetime, with a duration of up to seconds. Numerical calculations suggest that, though also free carriers can provide a certain feedback, the main effect is due to the induced lattice perturbation, decaying very slowly by thermal diffusion processes.
